The electronic and optoelectronic properties of two-dimensional materials have been extensively explored in graphene and layered transition metal dichalcogenides (TMDs). Spintronics in these twodimensional materials could provide novel opportunities for future electronics, for example, efficient generation of spin current, which should enable the efficient manipulation of magnetic elements. So far, the quantitative determination of charge current-induced spin current and spin-orbit torques (SOTs) on the magnetic layer adjacent to two-dimensional materials is still lacking. Here, we report a large SOT generated by current-induced spin accumulation through the Rashba-Edelstein effect in the composites of monolayer TMD (MoS2 or WSe2)/CoFeB bilayer. The effective spin conductivity corresponding to the SOT turns out to be almost temperature-independent. Our results suggest that the charge-spin conversion in the chemical vapor deposition-grown large-scale monolayer TMDs could potentially lead to high energy efficiency for magnetization reversal and convenient device integration for future spintronics based on two-dimensional materials.
The efficient generation of spin current is crucial for improving the energy efficiency of spintronics. The spin current can be used to exert spin-orbit torques (SOTs) on a magnetic layer, enabling the manipulation and even switching of magnetization in an energy efficient way 1, 2 . In the past decade, heavy metals, such as Pt 3, 4 and Ta [5] [6] [7] [8] , or bulk semiconductors, such as GaAs 9, 10 have been extensively studied due to the presence of a strong spin-orbit coupling, allowing the spin Hall effect or the Rashba-Edelstein effect (REE) to generate a spin accumulation. Compared with these three-dimensional materials, the conversion between spin and charge in two-dimensional materials, i.e., van der Waals materials, has not been studied until recently 11 .
Monolayer graphene has been extensively studied as a spin channel due to its weak spin-orbit coupling 12 .
A modified graphene with an enhanced spin-orbit coupling strength or increased extrinsic spin-dependent scattering rates could give rise to a significant spin Hall effect. However, it requires specific treatments, such as hydrogen bonding 13 or Cu (Au) adatoms 14 , which are hard to control. A giant SOT was demonstrated in heterostructures based on three-dimensional topological insulators, i.e., the Bi2Se3 family, which are also van der Waals materials [15] [16] [17] . The colossal SOT originates from the topological surface states. However, a thickness larger than the hybridization length of two surface states, six quintuple layers (~ 6 nm), is needed for topological insulators 18 . So far, it remains elusive whether or not we can have a large spin torque from an ultrathin atomically monolayer film (< 1 nm). Monolayer transition metal dichalcogenides (TMDs), such as MX2 (M = Mo, W, X = S, Se, Te), provide a unique platform for studying the generation of SOTs at the two-dimensional limit because monolayer TMDs have both strong spin-orbit coupling and inversion symmetry breaking [19] [20] [21] [22] . Very recently, signatures of current-induced SOTs were found in the composite of monolayer MoS2/ferromagnet bilayer 23 , but the SOTs have not been quantitatively characterized and the origin of the SOTs has not been interpreted.
In this Letter, we report the observation of current-induced SOTs in MX2/CoFeB bilayers, where the MX2 is monolayer MoS2 or WSe2. The monolayer MX2 is grown by chemical vapor deposition (CVD) and has a size up to mm scale. Using a second-harmonic method, we succeeded in determining both field-like torque per unit moment (or in-plane spin-orbit effective field) and damping-like torque per unit moment (or outof-plane spin-orbit effective field). The field-like torque is large in MX2/CoFeB bilayers despite most of the current are going through the CoFeB layer. The damping-like torque is negligible within measurement uncertainty, which is consistent with the REE dominated SOT generation in the MX2/CoFeB bilayers.
Moreover, the current-induced in-plane spin conductivity due to the REE is almost independent of temperature.
High-quality large-area monolayer MoS2 and WSe2 were grown on sapphire using CVD method, where the transition metal trioxides were vaporized and reacted with the S or Se vapor in a chamber under a controlled temperature and gas environment (see details in Supporting Information Section S1) 24, 25 . The insets of Figs.
1a and 1b are the optical images of MoS2 and WSe2, which show the uniformity of the thin film sample.
Raman spectra further confirm that the films are monolayers. The Raman spectrum of MoS2 (see Fig. 1a) exhibits two characteristic bands: the in-plane phonon mode, E 2g 1 , centered near 385 cm -1 and the out-ofplane phonon mode, A1g, centered near 405 cm -1 , with a peak frequency difference of 20 cm -1 , which is a clear signature of monolayer MoS2. Similarly, a high-intensity peak (E 2g 1 ) shows near 250cm -1 for WSe2 (see Fig. 1b ), which indicates that the WSe2 film is a monolayer as well. The sheet resistances of monolayer MoS2 and WSe2 are larger than 10 6 Ω/sq as shown in the current-voltage curve (see Fig. 1c ). To study the current-induced SOTs on the magnetic moment, we deposited 3 nm CoFeB on top of the monolayer MoS2
and WSe2 using a magnetron sputtering system. The deposition rates were 0.03 nm/s for CoFeB in an argon pressure of 3 mTorr. The CoFeB layer was capped by TaOx (~ 3 nm). For details of the deposition process and Raman characterization of MX2/CoFeB bilayers after the deposition, see Supporting Information Section S2. The MX2/CoFeB bilayers were patterned into Hall bars (channel width is 20 µm) using standard photolithography as shown in Fig. 1d We examine the magneto-transport properties of the MX2/CoFeB bilayers using a physical properties measurement system at T = 300 K unless otherwise stated. In the following, we will first present the results for the MoS2/CoFeB bilayer, and subsequently the WSe2/CoFeB bilayer when we discuss the results. The Table S1 ).
The idea of SOT measurement is described as following. When the injection charge current passes through the MoS2/CoFeB bilayer, a net spin accumulation could develop in a direction transverse to the current direction in the film plane due to the inversion symmetry breaking and spin-orbit coupling in the monolayer MoS2 and/or the MoS2/CoFeB bilayer. In other words, the nonequilibrium spin accumulation ∝ × , where the mirror symmetry with respect to the xy plane is broken, and j is the current direction (along ±y direction). This current-induced spin polarization, in general, could give rise to two types of SOTs, the fieldlike torque ( = × ) and the damping-like torque ( = ×( × )). Therefore, the in-plane azimuthal angle dependence of Hall 2 can be divided into two major components depending on the symmetry of current-induced SOTs (see Fig. 2c and the Supporting Information Section S3):
where the first term originates from the current-induced in-plane spin-orbit effective field ( ∥ ) and the second term comes from the current-induced out-of-plane spin-orbit effective field ( ⊥ ). The magnitudes of both in-plane and out-of-plane spin-orbit fields are proportional to the magnitude of current. When the current is along the +y axis, the ∥ is along the -x axis and is independent with the magnetization. Therefore, , where y is the magnetic field along the ±y direction, we obtain the magnitude of ∥,MoS 2 / ac_peak ≈ 0.13 Oe/mA (see Fig. 2d ). To get a more intrinsic property for the SOT generation, we convert the ∥ into the effective spin conductivity (
, where s FM is the saturation magnetization per unit area for the 3 nm CoFeB layer, and ℇ is the applied electric field inside the MoS2/CoFeB bilayer. We independently determine s FM = 2.34 mA using superconducting quantum interference device and ℇ = 3.21×10 4 V/m for ac_peak = 1 mA. Therefore, the corresponding effective in-plane spin conductivities for MoS2/CoFeB is ∥,MoS 2 ≈ 2.88×10 3 ℏ/2 (Ω −1 m −1 ). If we consider that the electronic conductivity of the monolayer MoS2 is very low, the intrinsic ratio of generated spin current density over charge current density, or the so-called "spin torque ratio," will be relatively high, and comparable with traditional heavy metals, such Pt and Ta (will be discussed below).
The current-induced ⊥ changes its direction when the direction of magnetization is reversed, and thus it gives rise to a damping-like torque = × ⊥ . The ⊥ induced by the a.c. current causes the magnetization to oscillate out of the film plane and thus gives rise to a AHE when the magnetization is along the +y direction is consistent with the ANE picture (see Fig. 3b ). When the magnetization reverses, the Hall 2 becomes positive as expected from the ANE. So, the ANE dominates in the observed Hall 2 , and the damping-like torque or ⊥ is not observed within measurement uncertainty.
Here, we interpret that the REE is the mechanism for the observations of a large ∥ and a negligible ⊥ in the sapphire/MoS2/CoFeB/TaOx heterostructure (see the Supporting Information Section S6). The REE appears in the presence of a electric potential gradient and strong spin-orbit coupling, i.e., typically at the interface between a material with strong spin-orbit coupling and a different material, such as the Bi/Ag interface 29 . In our MoS2/CoFeB bilayer, the strong spin-orbit coupling and the broken vertical symmetry (together with the intrinsic inversion symmetry breaking in the monolayer MoS2) could give rise to a large Rashba-type spin splitting 30 . The Rashba Hamiltonian can be expressed by R = R ( × ) • , where is the Rashba coefficient, is the electron momentum, and is the spin Pauli matrices. As shown in Fig.   1e , at the equilibrium state, there is no net spin accumulation due to an equal number of electrons moving in two directions. Under an external electric field along the +y direction, the Rashba spin-split Fermi surfaces shift, causing a net spin accumulation along the -x direction, which is consistent with the direction of the observed in-plane spin-orbit field. Moreover, theoretical calculation shows that to the first order, the Rashba spin-splitting can only give rise to a field-like torque 31 or the Rashba effect gives a much larger field-like torque compared with the damping-like torque 32 as we observed in the MoS2/CoFeB bilayer. If the spin Hall effect plays an important role in the MoS2/CoFeB, we should have seen a sizeable dampinglike torque like the Ta/CoFeB (see Table 1 ). However, we didn't observe any significant damping-like torque in the MoS2/CoFeB. Regarding the charge-spin conversion efficiency, it has been shown that the inverse REE can convert the spin current into the charge current, and the efficiency is quantified as IREE = R s /ℏ 29 , where s is the effective spin relaxation time and ℏ is the reduced Planck constant. Since the valley and spin are coupled in monolayer MoS2, the relaxation time of spin polarization could be longer than 1 ns due to the considerable energy required for flipping the valley index 33 . So, the charge-spin conversion efficiency could be very high in the MoS2/CoFeB bilayer. 23 , which could be ascribed to either a large damping-like torque or a highly efficient spin pumping-driven inverse REE. Combining the results given by the spin-torque ferromagnetic resonance measurement 23 and the present work, we can claim that the large symmetric Lorentzian peak is mainly due to the inverse REE induced by the spin pumping, rather than the damping-like torque generated by the rf current.
To see if other TMDs can produce such a large in-plane spin-orbit field, we carry out the SOT measurement on another TMD material, WSe2. The extracted ∥ and ⊥ as a function of an external magnetic field along ±y direction are plotted in Fig. 4a and Fig. 4b, respectively and is consistent with the stronger spin-orbit coupling in the monolayer WSe2 compared with the MoS2 21 .
However, we should notice that although the monolayer MoS2 and WSe2 have very different conductivity (the monolayer MoS2 has much higher resistivity than the monolayer WSe2 in our study), they have similar spin conductivity. This result indicates that spin torques in these bilayers share the same origin, i.e., REE 35 .
We also study the temperature dependence of the current-induced in-plane spin conductivity. We do not identify the damping-like torque within the investigated temperature range. We observed that the currentinduced in-plane spin conductivity is almost temperature independent (slightly increases as the temperature decreases) as shown in Fig. 5 , which is similar to the report on the inverse REE in the Ag/Bi interface 36 . A possible explanation for the temperature-independent charge-spin conversion due to REE is the temperature-insensitive strength of Rashba spin-splitting and the Fermi level position. The Rashba spinsplitting developed at the MX2/CoFeB interface relies on the band structure or wave function hybridization between the MX2 and CoFeB 30, 36 . The band structure and the Fermi level position of MX2/CoFeB could be temperature independent as reflected in the temperature independence of resistance (slight increase as the temperature decreases) of MX2/CoFeB bilayers (see the inset of Fig. 5 ). However, detailed theories and more experiments are still required to fully understand the results presented in this paper.
In conclusion, we have shown that a current can generate a large in-plane spin-orbit effective field in a bilayer consisting of CVD-grown large-scale monolayer TMDs and a ferromagnetic layer and this effective field is temperature-insensitive. Our findings could be beneficial for future design of spintronic devices exclusively based on two-dimensional materials, where monolayer TMDs are coupled with magnetic van der Waals materials to form heterostructures that provide novel functionalities beyond electronics and optoelectronics 11, 37 . For future studies of two-dimensional semiconducting TMDs, on the one hand, systematic measurements on various TMDs need to be carried out to clarify the relation between the spinorbit coupling strength and the spin torque efficiency. On the other hand, if the ferromagnetic metal we used in this study can be replaced by a magnetic insulator, such as yttrium iron garnet, there will be no shunting problem and the spin-charge conversion efficiency may be significantly improved 16 . Alternatively, metallic TMDs, such as 1T' phase WTe2, have also been shown to give rise to a unique out-of-plane damping-like torque due to breaking of the in-plane mirror symmetry 38 , which is preserved in our 1H phase
TMDs. At last, we would like to mention that the REE-induced spin polarization at the atomically thin interface is expected to have a broad tunability with an external gate voltage 39 , thus allowing for further improvement of energy efficiency for spintronic devices based on two-dimensional materials. 
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